Objectives To study systematic errors in recording blood pressure (BP) as measured by end digit preference (EDP); to determine associations between EDP, uptake of Automated Office BP (AOBP) machines and cardiovascular outcomes. Design Retrospective observational study using routinely collected electronic medical record data from 2006 to 2015 and a survey on year of AOBP acquisition in Toronto, Canada in 2017. setting Primary care practices in Canada and the UK. Participants Adults aged 18 years or more. Main outcome measures Mean rates of EDP and change in rates. Rates of EDP following acquisition of an AOBP machine. Associations between site EDP levels and mean BP. Associations between site EDP levels and frequency of cardiovascular outcomes. results 707 227 patients in Canada and 1 558 471 patients in the UK were included. From 2006 to 2015, the mean rate of BP readings with both systolic and diastolic pressure ending in zero decreased from 26.6% to 15.4% in Canada and from 24.2% to 17.3% in the UK. Systolic BP readings ending in zero decreased from 41.8% to 32.5% in the 3 years following the purchase of an AOBP machine. Sites with high EDP had a mean systolic BP of 2.0 mm Hg in Canada, and 1.7 mm Hg in the UK, lower than sites with no or low EDP. Patients in sites with high levels of EDP had a higher frequency of stroke (standardised morbidity ratio (SMR) 1.15, 95% CI 1.12 to 1.17), myocardial infarction (SMR 1.16, 95% CI 1.14 to 1.19) and angina (SMR 1.25, 95% CI 1.22 to 1.28) than patients in sites with no or low EDP. Conclusions Acquisition of an AOBP machine was associated with a decrease in EDP levels. Sites with higher rates of EDP had lower mean BPs and a higher frequency of adverse cardiovascular outcomes. The routine use of manual office-based BP measurement should be reconsidered.
IntrODuCtIOn
High blood pressure (BP) is a leading cause of increased morbidity and early mortality in adults. 1 BP should be routinely measured as part of clinical encounters. 2 However, there are long-standing concerns about the precision and accuracy of BP measurement in practice. 3 4 There is evidence that measuring BP manually, using an aneroid or mercury column sphygmomanometer, is associated with systematic recording errors including end digit preference (EDP) and observer bias. 5 EDP means that the observer rounds off the last digit 6 ; for example, BPs end in zero for up to 60% of records instead of the expected 10%. 7 8 Observer bias means that BP is adjusted towards a preferred level (rounding up or rounding down). 8 These issues may lead to errors in the diagnosis and treatment of hypertension. 9 Automated Office BP (AOBP) measurement uses a machine to record and report the numerical values of systolic and diastolic BPs on a digital display. 10 Three to six recordings are done; the initial reading is discarded and the remaining readings are averaged. 11 Research suggests that EDP is reduced as a result of this method. 9 11 AOBP is comparable to the gold standard of 24 hours strengths and limitations of this study ► The study found that the purchase of Automated Office BP (AOBP) machines by primary care offices was followed by more accurate blood pressure (BP) measurement. ► Offices with less accurate BP measurement (more end digit preference) rounded BP readings down. ► These offices also had higher frequencies of adverse cardiovascular outcomes. ► The survey of AOBP machine purchase was done only in Ontario; we infer that the purchase of an AOBP machine was associated with less end digit preference elsewhere.
Open access automated home BP monitoring. 12 Canadian and European hypertension guidelines now recommend AOBP as the preferred method for office-based measurement of BP, 2 13 but have not made a recommendation to discontinue the routine use of manual BP measurement.
There is evidence that AOBP machines are increasingly used in primary care; it has been reported that >10 000 AOBP machines are currently in use in Canada. 11 In a recent Canadian survey, 43% of family physicians reported using AOBP to screen for hypertension. 14 However, the proportion of office BP measurements done using AOBP when machines are available in an office is not known. Changes in the proportion of BPs with EDP could serve as a marker of increasing use of AOBP in primary care practice, although this requires validation.
Accurate measurement is essential for BP control. There is a need to quantify systematic BP measurement errors in primary care, consider these in the context of changing AOBP use and estimate the effects of errors on cardiovascular outcomes affected by BP control.
The objectives of this study were therefore to (1) report the EDP levels with respect to patient-level and provider-level characteristics, (2) examine the changes in EDP with AOBP uptake in offices, (3) quantify prevalence and trends in systematic recording errors in BP recording and (4) determine associations between EDP and cardiovascular outcomes.
MethODs
We used a repeated cross-sectional observational design. We applied the STrengthening the Reporting of OBservational studies in Epidemiology checklist for reporting observational studies. 15 settings and data sources Canada The Canadian Primary Care Sentinel Surveillance Network (CPCSSN) database was used for this study. 16 CPCSSN is Canada's largest electronic medical record (EMR)-based chronic disease surveillance system 16 and includes data collected from 11 primary care practice-based research networks in 8 of Canada's 13 provinces and territories. Consenting family physicians and other primary care providers participating in CPCSSN contribute de-identified EMR data to regional network repositories; patients can opt-out if they choose to do so. Data from all participating networks are collected every 6 months and aggregated in a single central database. 16 The distribution of the CPCSSN patient population is reasonably similar to that of Canadian census. 17 We used EMR data extracted and processed using procedures previously described. 16 CPCSSN case definition algorithms have been validated against chart audits for eight chronic conditions (diabetes, hypertension, chronic obstructive pulmonary disease, depression, osteoarthritis, dementia, parkinsonism and epilepsy) in multiple sites across Canada. 18 
UK
We repeated the analyses using the Royal College of General Practitioners (RCGP) Research and Surveillance Centre (RSC) database for the UK. This is one of Europe's oldest primary care sentinel networks. 6 It has been reported that the RCGP RSC has data of high quality for chronic disease, including diabetes 6 and cardiovascular outcomes. 19 The RCGP RSC data are extracted twice weekly from the EMRs of >150 representative general practices (groups of physicians practising in the same location) in England, covering a population of over 1.5 million patients and 3% of the population. A comparison of RCGP RSC practices with national pay-for-performance data, prescribing data and the quality and outcomes framework suggests that data are representative of the national population in terms of age and gender of the population, ethnicity and deprivation. 6 RCGP RSC includes comprehensive recording of cardiovascular risk factors and outcomes. 20 
study population
We used routinely collected clinical EMR data from primary care clinics across Canada and the UK. These data were extracted in Canada as of 30 June 2016 and in the UK as of 31 December 2016. We examined BP measurements taken between 1 January 2006 and 31 December 2015 in the CPCSSN database and in the RCGP RSC database. We included all patients who were at least 18 years of age as of BP measurement date. We identified patient characteristics that may influence BP and its measurement. Patient variables included: age, sex, presence of hypertension and/or diabetes, body mass index (BMI), use of hypertensive medications. We recorded the total number of patients included for each site; a site was a group of physicians practising in the same location.
statistical analysis
We examined the proportions of BPs ending in each digit in Canada and UK. We used the entire collection of BP records in both databases to estimate the unadjusted frequency of last digit zero for both systolic and diastolic BPs with respect to patient, site and temporal characteristics.
Since many patients had BP recorded multiple times with irregular visit to primary care between January 2006 and December 2015, we chose to discard excess information using a sampling mechanism. 21 In particular, we generated 1000 independent replicates using the stratified sampling without replacement where one BP measurement was randomly chosen for a given patient. Logistic regression was performed on 1000 independently sampled replicates of the CPCSSN and RCGP RSC database. The ORs were estimated using the mean and 95% CIs were estimated using the 2.5% and 97.5% percentiles of 1000 bootstrap estimates. 22 All covariates in the regression model were held constant to their latest value for each patient with respect to the study follow-up. For example, the most recent information on BMI or Open access the diagnosis of diabetes or hypertension medication was used for each patient. We adjusted for patient variables that may influence BP or its measurement: age, sex, presence of hypertension and/or diabetes, BMI, use of hypertensive medications. We also adjusted for the size of the practice panels, as this may influence quality of care. Finally, we adjusted for year of measurement as EDP levels changed over time.
To correlate rates of EDP with AOBP uptake, we conducted a subgroup analysis using data from the University of Toronto Practice-Based Research Network (UTOPIAN). UTOPIAN is the largest network in CPCSSN, with about 25% of data in the national database; it includes providers and patients from Toronto and surrounding areas in southern Ontario, Canada. We collected data on AOBP use from UTOPIAN practices using a survey, shown in online supplementary material. We contacted office representatives through email/ phone and asked them whether there was an AOBP in the office and when it was purchased. Office representatives were also asked to estimate how often BPs were done with the machine in the past year.
Responses were linked with EMR-based BP measurements for each site and the linked data were used for the subgroup analysis. We examined the association between length of time the machine was present in the office and the rate of EDP, as well as association between EDP for 2015 and the self-reported level of use in the past year.
We implemented unsupervised cluster analysis to categorise primary care sites into three groups for each year. 23 The three groups were labelled as: (1) high EDP, (2) medium EDP and (3) low or no EDP. Practices were clustered by presence of less commonly recorded end digits (1, 3, 7, 9) for both systolic BP and diastolic BP; 40% of BPs would be expected to end in one of those digits. To control for excessive noise in the data, we chose to exclude the sites with <1000 BP measurements within a year.
Since the changes in uncommon end digits (1, 3, 7, 9) may be confounded by the recruitment of new sites over time or changes in patient populations within sites, the proportion of recording uncommon digits was reported for each measurement year, giving a rate of EDP per site per year. The similarity between all pairs belonging to the same cluster was computed using the Ward score. 24 We examined the mean systolic BP among patients with and without hypertension and diabetes using the classification obtained from the cluster analysis.
We estimated the annual frequency of three cardiovascular events (myocardial infarction, angina, stroke) using UK data; these conditions have not yet been validated in the Canadian data in CPCSSN. We compared sites with high EDP in each year against sites with low or no EDP for the same year. The denominator was defined as the total number of patients who had at least one BP recorded within each year of interest for each group. The numerator was defined as the total number of patients included in the denominator with a cardiovascular event within the same year. Patients with a cardiovascular event were censored in subsequent years. We estimated the standardised morbidity ratio for each condition in groups with high EDP compared with groups with low or no EDP.
The study received a favourable opinion from the RCGP RSC study review panel. CPCSSN has received REB approval from Health Canada, and each host university for all participating practice-based research networks. All participating primary care providers have provided written informed consent for the collection and analysis of their EMR data. All statistical analyses were conducted using SAS software, V.9.4 M4 (SAS Institute).
Patient and public involvement
No patients were involved in setting the research question or the outcome measures, nor were they involved in developing plans for design or implementation of the study. We received input into the study from patient and public representatives who commented on the relevance of the question and the potential impact of the research on outcomes.
results Data from 181 sites and 707 227 patients in CPCSSN were included; there were 5.5 million BP records. Data from 164 sites and 1 558 471 patients in the RCGP RSC database were included; there were 13.4 million BP records. Each patient was counted once, regardless of the number of BPs and number of years in which they had a BP recorded. The most frequently recorded end digit was zero while the least frequent end digits were 1, 3, 7 and 9 (table 1, figure 1 ).
Patient and site characteristics and trends in levels of EDP are shown in table 2. The frequency of last digit zero for both systolic and diastolic BP decreased by 11.2% in Canada and by 6.9% in the UK from 2006 to 2015. Table 3 describes the adjusted ORs of recording zero as the last digit of systolic and diastolic BP. The ORs of last digit zero Sixty-five UTOPIAN sites were surveyed; 55 (85%) responded. Ninety-three per cent of the UTOPIAN sites reported having at least one AOBP machine in the practice; most were bought between 2007 and 2014. Even when AOBP machines were present, most offices reported still using manual measurement. There was a reduction of 9.3% (from 41.7% to 32.5%) in the proportion of systolic BPs ending in zero within 3 years of adopting the AOBP machines (95% CI −8.9% to −9.8%). Family practices who reported rarely or never using AOBP machines had higher EDP than those reporting at least some use of AOBP (figure 2).
As illustrated in figure 3, cluster analyses were used to find the optimal decision boundaries to classify sites into high EDP, medium EDP, low or no EDP for Canada and the UK. The mean systolic BP by EDP group is shown in table 5. Sites with low or no EDP had a higher mean systolic BP than sites with high EDP (1.97 mm Hg in Canada; 1.76 mm Hg in the UK). When stratified by presence or absence of hypertension or diabetes, the direction was similar with differences ranging from 0.9 to 2.4 mm Hg.
As shown in figure 4, we observed a higher mean frequency of myocardial infarction (0.40%, 95% CI 0.39 to 0.41), stroke (0.64%, 95% CI 0.63 to 0.65) and angina (0.42%, 95% CI 0.41 to 0.43) in sites with high EDP as compared with sites with low or no EDP: 0.34% (95% CI 0.33 to 0.35), 0.56% (95% CI 0.55 to 0.57) and 0.33% (95% CI 0.32 to 0.34), respectively. Table 6 provides the standardised morbidity ratio; this was higher for all three conditions for sites with high EDP compared with sites with low or no EDP.
DIsCussIOn
We found significant levels of systematic recording errors in BP measurement in the UK and Canada; these decreased over time. There was an association between the length of time an AOBP machine was present in an office and a decrease in EDP. Higher rates of EDP, and presumably more use of manual BP recording in those sites, appeared to be associated with rounding down of BPs and a higher frequency of adverse cardiovascular outcomes.
Our study found decreasing rates of in EDP; there have been increasingly strong guideline recommendations to switch to AOBP. 2 25 While a recent survey found that almost half of Canadian physicians reported using AOBP to screen for hypertension, 14 most offices in this study reported continued use of manual BP measurement for some patients even when an AOBP machine was present in the office. We found a gradual decrease in EDP associated with the length of time that AOBP has been present in the office, indicating that physicians and sites may be increasingly accustomed to its routine use for measurement.
European Guidelines recommending adoption of AOBP were associated with a large decrease in recorded BPs ending in zero in the UK, from 71.2% in 1996-1997 to 36.7% in [2005] [2006] . 26 UK studies based on the Quality Improvement in Chronic Kidney Disease trial 27 have Figure 1 Histogram of systolic (sBP) and diastolic blood pressure (dBP) in Canada and the UK.
Open access shown reductions over time, presumably related to the progressive introduction of AOBP, although this assumption was not validated. 28 In addition, there were changes in the patterns of recording odd versus even terminal digits. Another study in China also noted decreases in EDP over time. 29 Implementation of AOBP in offices thus appears to be correlated with decreases in EDP. 3 7 26 The use of AOBP measurement resulted in lower readings than manual BP measurement (by 5-10 mm Hg) in a randomised controlled trial (RCT); AOBP readings agreed more closely with the gold standard of 24-hour BP measurement than manual BP readings. 11 The introduction of AOBP should therefore be associated with a combination of lower rates of EDP (greater precision) and lower BP readings that are more consistent with the gold standard (greater accuracy). An observational study, however, found an association between higher rates of EDP and lower mean systolic BP, by 2-3 mm Hg. 26 A study in the UK found that the change from manual to AOBP in primary care practices resulted in lower rates of EDP but no changes in mean BP. 3 We found that sites with low or no EDP (those presumably using AOBP more consistently) had a mean BP that was close to 2 mm Hg higher than those with greater rates of EDP (and presumably more use of manual BP in the practice) rather than the expected 5 mm Hg lower. Therefore, observer errors associated with manual BP may have resulted in both rounding towards zero and systematically rounding down. Rounding down was observed for patients with diabetes and hypertension as well as for those without these conditions. This could potentially lead to underdiagnosis of hypertension and undertreatment of diagnosed hypertension. While there was no clinically significant association between measurement precision and presence of BP-lowering medication (ORs close to 1), our data do not permit us to determine Open access whether more precise measurement was associated with medication intensification through increase in dosage or addition of more medications. This could benefit from additional research.
A possible explanation for the observation of rounding down is provided by prospect theory, used in behavioural economics, which describes decisions made under conditions of uncertainty. Negative perceptions about possible risks (or risk aversion) outweigh positive perceptions about possible gains. 30 There may be a behavioural bias towards rounding down; this may avoid perceived risks associated with adding more medications with less emphasis on gains from cardiovascular outcome prevention.
A large cluster RCT (Cardiovascular Health Awareness Program (CHAP)) documented improved management of hypertension in communities randomised to the intervention. This consisted of more accurate AOBP-based measurement in pharmacies with forwarding of abnormal BP results to family physicians. 31 The CHAP intervention resulted in a significant decrease in hospitalisations due to cardiovascular disease (myocardial infarction, stroke, heart failure). 31 In that trial, there was an improvement Open access in BP from a mean of 142 to 123 mm Hg when the initial pharmacy-based reading was elevated. 32 Systematically, more accurate measurement of BP through the use of AOBP in the community, followed by notification of the primary care provider when BP was elevated, may have resulted in more treatment of elevated BP in primary care and decreased adverse cardiovascular outcomes.
The results in this real-world observational study in two countries are plausibly consistent with those of the CHAP RCT. We found that practices with greater precision for BP measurement (less EDP) also had a lower prevalence of adverse cardiovascular outcomes for their patients. It is possible that these practices were using AOBP more often and were thus measuring BP with greater accuracy. Systematic rounding down associated with higher rates of EDP and presumably greater use of manual BP measurement by practices in this study appeared to be associated with an elevated frequency of adverse cardiovascular outcomes.
A switch to routine use of AOBP for most office-based BP measurements would require the purchase of enough machines to support the number of physicians and patients in each office, training of staff and healthcare providers and changes in offices processes to support more consistent use of AOBP. We are not aware of financial or other practice level incentives in either country promoting this change.
lIMItAtIOns
The study has several strengths. We used data from routine community-based primary care. We also included a large sample of both patients and primary care providers from multiple settings across Canada and the UK, observed over a decade or more. Therefore, this study reasonably reflects current clinical practices for individuals receiving primary care in both countries.
This study has several shortcomings. This was a convenience sample of primary care practices that contributed EMR data to CPCSSN and the RCGP RSC. We surveyed Figure 4 Frequency of cardiovascular events in high end digit preference (EDP) and no or low EDP group in the UK. Open access practices for their use of AOBP in one network only (UTOPIAN); the survey was done at the office level rather than by physician. There may be recall bias and the actual proportion of patients whose BP was measured using an AOBP is unknown. The study was not randomised; therefore, there may be unmeasured confounders associated with both higher incidence of cardiovascular outcomes and greater rates of EDP. These could include incentives or programmes that could lead to improved precision in BP measurement along with lower rates in cardiovascular outcomes, such as quality standards or funding. Our findings are associations rather than causation. Nonetheless, the differences between groups persisted as practices switched to lower rates of EDP over time and there is no a priori reason to expect a change in unmeasured confounders in practices switching to AOBP and lower rates of EDP.
COnClusIOns
In conclusion, systematic measurement errors including rounding down are associated with higher rates of EDP. It is likely that this is associated with more manual BP measurement in these primary care practices and in turn is correlated with a higher risk of adverse cardiovascular outcomes at a population level, although we cannot infer a causal relationship. Our findings suggest that the continued routine use of manual measurement of BP in primary care offices may be problematic. We recommend the use of AOBP as the standard of care for measuring and monitoring BP in medical offices.
